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Flocking is the capacity of coherent movement between multiple animals, including birds. Prominent research into flocking is presented. Particle Swarm Optimisation (PSO) has been the prominent result from research into flocking. It is considered that opportunities for further research in flocking exist. With the potential for automated traffic systems, it is concluded that flocking should be reinvestigated for this purpose. 
1. Introduction
A flock is defined by the Oxford English dictionary as a “number of birds moving or resting together”. This capacity of birds and other animals to display coherent movement behaviours has enchanted human kind for centuries. The level of precision movement displayed has led many to wonder whether a central controlling force orchestrated the collective bird motion. However, similar to ant hives, there is no known central control within bird flocks: the collective motion observed is an emergent result of the reactions between individuals.
This paper aims to describe the current research in flocking, and develop an understanding of what has been demonstrated. Opportunities for future expansion will be discussed as applicable. 
2. BENEFITS OF FLOCKING
It is considered that bird flocks demonstrate two behaviours, which are both opposing and balanced. The individuals in a flock appear to exhibit behaviour to both stay close to the flock, and also to avoid collisions with other flock members [1]. It is believed that an individual joining a flock can benefit in numerous dimensions [2]:
•	protection from predators, through increased group vigilance, due to task sharing [3, 4, 5]. It is considered that this could produce energy saving through division of labour, similar to ant teams sharing a task
•	improved chances of survival from predation: to be one member in a group of individuals, as it is harder for a predator to catch a group member compared to a lone individual [5]; small bird species susceptible to flying predators modify their flock structure when a predator is present
•	greater success of discovering food, by foraging collaboratively with group members, and using publicly available information to indicate the location of food [5, 6]. This logically produces increased intake of food, through either learning to eat new food groups or increased area of communal foraging [7]. It has been shown that orientation communication benefits foraging in schooling fish [8, 9]
•	cost of travel may be decreased [5] 
•	considered social advantages, including mating
•	formation flight could be method used by birds to avoid mid-air collisions, plus continue visual contact [10], as described further in this paper. 
A number of these observed behaviours are believed to be achieved though the selfish behaviour of individuals within the flock: self-preservation at the individual level leads to flocks being formed [11].
3. types of Flocking
Heppner [15] produced a classification of bird flocks see Figure 1. The main classification separated cluster formations, as seen in starlings, from line formations, as seen in ducks and other water fowl. Cluster formations are relatively large three dimensional aggregations of small birds. Small birds cluster, in a manner similar to fish schools [9]. Birds probably do not save energy through the use of three dimensional cluster flocks [13, 9].
Line formations contain fewer members, and include the V, J and echelon patterns. Larger birds fly in these patterns, where energetic savings are probably more important [9], as the energy costs for flying invertebrates is large [10]. Heppner [12] states that Vs, Js and echelons can be categorised as "echelon-type" classification which is the most commonly observed formation, questioning the significance of the flight pattern [14].
A V is formed from two echelons joining at the apex of the formation [14]. The J and the echelon are variations on the V formation, where either one leg of the formation is shorter, or completely missing [15]. 

Figure 1: Flock formations, a) cluster formation, b) V formation, c) J formation, d) echelon formation, e) inverted J formation, and f) inverted V formation. Arrows to the left of each cell indicate direction of motion [12]
4. theories OF FLOCKING
Two prominent theories explaining the echelon-type formation flight exist in the literature, the first is from the aerodynamic benefits produced by flying in formation. As a bird's wing moves through the air, there is a pressure difference between the air flowing above and below a bird's wing. At the tip of the wing, these two pressure regions meet. This means that the high-pressure air that is underneath the wing flows over the wingtip and inwards over the upper surface of the wing, towards the body of the bird. This flow is shed from the wing's trailing edge, as a planar vortex sheet of turbulent air. The planar vortex then curls into two concentrated tubular vortices, one per wing, in the space trailing a bird – see Figure 2: Vortex shedding. A trailing vortices form 1 to 2 wingspans behind a bird [15, 17]. The distance between the vortices is
π/4×b	(1)
where b is the wingspan [15]. These vortices provide an upwash component outside of the wing tips, and downwash component inside of the wing tips [15]. This means that the vortices in the wake of a bird force air downwards in the area behind the wing, but force air upwards outside the wake [18]. Downwash is stronger near the tip than closer to the bird body [16]. This means that if a following bird flies through the upwash, the energy requirements for induced flight could be reduced [9]. 

Figure 2: Vortex shedding [16]

The effect of flying in the upwash of a neighbour is similar to flying in an up-current: less lift power is required, as is less induced power. The profile power remains constant [16], as the fluid is not altered. All geese flying in formation save some energy, except those that fly at extreme wing-tip overlap [10]. Even the leader benefits by experiencing less drag than when flying alone [19]. Optimising the wing tip spacing between birds can maximise the reduction of drag when flying together as compared to flying individually. It is possible to save over 50% with a wing tip spacing of ~0.16m [9]. Shollenberger found that theoretically 25 birds could increase the flight range by approximately 70% when compared to individual flight [16]. However, this figure varies between studies, ranging from wake effects producing energy savings of 1.7 - 3.4% on power input [20] to a 14% saving of induced power produced [10]. Geese on average save ~10% energy when compared with solo flight, which could be important in migratory flight. 
Measurements of Pelicans showed that in the most advantageous positions in a formation, the wing beat rate drops to a minimum of 45% of an individually flying bird, and heart rate decreases to 8/9 of an individual flyer [19]. This result has been used to confirm the aerodynamic prediction [19].
The other prominent theory explaining flocking is the enabling of visual communication. Heppner [15] speculated that the position of the eye on the bird head restricted vision, promoting the use of formation flight to enable visual communication. It is also known that fish modify their schooling behaviour when predators are present, moving from an energetically favourable configuration to a formation that favours visual range [9].
It was considered whether visual communication of orientation would be best at a specific angle between flock mates. This would be supported by birds having limited ability to move their eyes to track an object, hence being required to move their position to follow the bird in front of them [9]. Eyes in most birds are relatively immobile in their sockets: in a study of geese, the eye could more up to ±5º off the optic axis [14]. If birds were required to bend their necks to observe flock mates, this would produce increased drag. Also, if birds have central monofovea​[1]​, common in many birds, if the bird ahead was aligned so that it was position on the optic axis, the flockmate's image would land on the fovea, hence producing the best possible resolution [14]. It is considered that such a result would help enable visual communication. 
A number of arguments have been proposed for the visual hypothesis. Williams et al. [21] noted that the V apex was rounded in observations, with birds flying at an angle more favourable to the vision hypothesis. Cutts and Speakman [10] identified a relationship between wing-tip spacing and depth, supporting the vision hypothesis. It has been suggested that enhanced visual communication may increase the probability that the flock will remain intact during flight, enabling group activities upon arrival [15], as described in Benefits of Flocking.
The vision hypothesis may enable younger birds to learn migratory paths or roosting and feeding areas [15]. Badgerow found that a large proportion of formations that supported the communication hypothesis occurred in autumn when there would be a high proportion of young birds. This could mean that additional priority had been placed on communication / visibility to protect the younger birds [9].
5. MODELS OF FLOCKING
A number of models have been proposed over the last two decades to simulate the collective behaviour of animal groups, with the majority stemming from Okubo's [22] proposal that animal behaviour emerges from relatively simple, locally focused rules. As animal groups can become very large in size, with hundreds of members, it is believed that members would not have the cognitive function to track all group members. This would lead members to respond to local stimuli, which in turn leads to collective group behaviour.
Reeves published a paper describing how to model non-interacting particle systems in 1983 [26]. Following this, in 1987 Craig Reynolds created a model of coordinated animal motion, exhibiting behaviour similar to that of bird flocks and fish schools [27], effectively an interacting particle system. The flocking model Reynolds presented is a particle system using dynamic networks, which uses three steering rules to control how the individuals, called “boids”, move. The direction and velocity of an individual boid depends on the positions and velocities of the neighbouring boids:
•	Collision Avoidance (“Separation”): the individual steers to avoid crowding local neighbours, and to prevent colliding with them. This establishes a minimum “safe distance” between individuals.
•	Velocity Matching (“Alignment”): the individual steers itself towards the average heading of local neighbours. If a boid matches its velocity with neighbouring boids, then it will probably avoid collisions. This rule maintains the safe distance established between the individuals outlined above.
•	Flock Centring (“Cohesion”): the individual steers towards the averaged position, or centre, of local neighbours. This behaviour will have more of an effect if the individual is on the edge of the group.
The above rules/behaviours are presented in order of decreasing precedence. The behaviours are expressed as vectors, weighted according to priority, and then averaged to produce a final acceleration vector. 
As the above behaviours are demonstrated as a computer model, each individual boid has access to all information about the scene. However to produce flocking behaviour, the boid only reacts to its neighbours within a set distance, referred to as its neighbourhood. The neighbourhood characteristic is in turn composed of distance and angle measurements (measured from the boid's direction of flight), with all boids outside of this area ignored.
Heppner and Grenander [25] proposed an alternative model to simulate flocking. Heppner's model used three drivers, slightly different to Reynolds', which cause birds to flock together: 
•	Velocity regulation: similar to the velocity matching behaviour of Reynolds, where an individual attempts to maintain a velocity within certain boundaries. If the flight speed exceeds these parameters, the individual attempts to return to this target speed
•	Interaction: combines the attraction and repulsion aspects of Reynolds' model. If the distance between two individuals is great, then they exert no influence on one another. If the distance between the individuals is too small, they move away from each other. However, if the distance is between these two magnitudes, the individuals move closer to one another.
•	Homing: the tendency to fly to the roosting place
In addition to the above three drivers, a “random impact” was modelled. This additional factor was used to simulate events occurring within the environment, e.g. wind gusts. Heppner and Grenander found that without the inclusion of this factor, flocking behaviour could not be produced [26].
The inclusion of a behaviour used to attract the flocking birds to a roosting place was later used in the formation of the Particle Swarming Optimisation method – see section 6 details. 
In comparison to the dynamic network topology based models of Reynolds, Heppner and Grenander, Ballerini et al. [27] found that flocking depends on topological distance instead of metric distance. This result was produced by reconstructing the three dimensional positions of individual birds captured through field study. Of note is the observation that birds appear to interact with a fixed number of neighbours, in the region of six to seven on average.
Working separately to Reynolds, Vicsek [28] produced a simulation of bacteria motion, analogous to a ferromagnet model. The theories used by Vicsek indicated that bacteria should only move coherently in two-dimensions if the individual bacteria made no errors in alignment. However, Vicsek’s model showed that the bacteria could move together even when errors were made by the individuals. 
Vicsek’s work was extended by Tu and Toner [29], who combined terms from the Navier-Stokes equation, describing fluid motion, with equations for ferromagnetism to explain the behaviour. Although Vicsek had modelled local interactions between particles, with the final flock emerging as a result of these interactions, Tu and Toner sought to explain the overall behaviour of the flock. 
Tu and Toner found that as errors are made by individual birds within a flock, the motion of the bird within a flock dispersed the error throughout the flock. Whilst the total amount of error remains within the flock, it is distributed amongst the flock mates. Through this behaviour, although the overall direction of the flock is modified, the flock continues to move coherently. 
As an example of the above simulations, consider a flock of birds travelling in the direction of 0°, with one bird misaligned at 64°. The misaligned bird has four neighbouring flock mates. Each of these neighbours examines its neighbours, and finds that three neighbours have a direction of 0° and one has a direction of 64°, an average of 16°. This means that each of these four neighbours then has a direction of 16°. On the next iteration, the error is spread amongst nine birds, then sixteen, and so on, with the error associated with each bird diminishing on each iteration. However Tu and Toner consider that as the error is spread amongst the flock, it is this “error spreading” that keeps the flock mates aligned in the same direction, and hence the flock remains coherent.
6. Current uses of flocking
Heppner and Grenander’s [25] model of flocking was adapted by Kennedy and Eberhart [30]. The inclusion of birds searching for a roost by Heppner inspired Kennedy and Eberhart [30] into the study of swarm intelligence: if birds could be programmed to fly towards a roost, could they be programmed to search for a set goal, in an analogy to searching for food? Whilst birds may not be able to see individual grains of seed when flying hundreds of feet into the air, they can respond to other “social” cues, such as other birds perching on the ground, flock mates turning back on themselves: instead of the flock responding to the cue of literally seeing the seed, they respond to the social actions of the birds around them. 

These observations led to the development of the Particle Swarm Optimisation (PSO) method, which is an optimising algorithm based on the flocking models of Heppner – refer to [31] for a review. Importantly, PSO is the prominent result from flock research. 
7. Gaps and Opportunities
It is considered here that there are a number of research avenues in the flocking area which could prove to be of value:
The flocking models developed thus far only consider homogeneous populations. However as the work of Badgerow [9] suggested, the population makeup of the flock could influence the behaviour of the flock as a whole. It is considered of interest to investigate the role of the individual in the flock, and its area of influence. For example [15] a complete V formation may consist of 8 members. Assume one of these eight was a young bird, and another was the young bird's parent. Would it be possible for the parent to influence the flock to "protect" the young bird, through assuming the visual model? It is suggested that understanding the effect of influence within the flock, to meet one's interests in protecting one's offspring, could provide new insight into related trust and influence research, for example, game theory and the prisoner's dilemma [34] .
In the visual field of the Canadian goose there is a blind area to the rear of 29º on both sides of the midline. If birds were to fly in columns of 0º, they could not see the birds behind them, and would be limited to only viewing the one bird in front of them. Alternatively if birds were to fly forwards in a horizontal line of 90º, they cannot follow a leader as there is no obvious leader to follow. Hence an echelon somewhere between these angles of 29º and 90º will enable visual communication. This results in each bird in the formation would be able to see all birds in the echelon, including those behind [14]. However the simulations to date do not include vision models: the simulated birds have full access to the scene, so can “look through” the other birds in a scene. It is considered here that accurate inclusion of such modelling may affect the simulated behaviours observed. 
Birds come in different sizes, and the different flocking formations appear to reflect this: small birds like starlings adopt the cluster formation [27] and larger birds such as geese adopt echelon-type formations [9]. Badgerow noted that the wingloading size of geese is greater than that of 142 other species [9]. It is considered that the relationship between the wingloading metric and formations assumed through flight warrants further research. This is because it is believed that this insight would further explain the mechanics of formation flight assumed by birds. 
Flocking has been considered here as an emergent property of the interaction between individual birds. However, there appears to be little research into the emergence of a flock. When does a group of birds become a flock? Related to this issue is the apparent lack of a quantitative metric for flocking, to identify when a flock is present. This additional information could help to explain how basic interactions between individuals lead to a population response. 
8. DISCUSSION
The prominent flocking models in the literature have provided benefit to academia. They have similarly produced simulations which demonstrate flocking-like behaviour. However, the models all use homogenous populations, with no inclusion of heterogeneity within the flock. This means that factors such as age of flock members or rank dominance is omitted. 
It is considered that Particle Swarm Optimisation concentrated the research focus on one area of flocking. Further, it is believed that there is scope to continue researching flocking in other areas. 
9. FUTURE WORK
In addition to the areas described in section 7 relating to research opportunities in flocking, it is considered that automated traffic systems could also prove a promising research area. Automated traffic systems have recently featured prominently both in the literature and news media, including DARPA’s Grand Challenge [33] and Urban Challenge [34]. 
Benefits from automated traffic systems include improved driver safety and relief from traffic congestion, improving traffic flow [35]. Efforts to automate driving have included modifying the road infrastructure by installing additional components such as magnets, cables or rails, to act as navigational devices for automated vehicles [35]. However, it is considered that such infrastructure changes would come at an extremely high price to provide a standardised system, throughout the road system. 
If a vision-based system could be developed, it is considered that the need for infrastructure modifications could be greatly reduced, as it is possible that only the vehicles themselves would require modification. It is therefore considered that additional insight into the mechanism of flocking and the coherent movement of a population of individuals could prove valuable to automated traffic systems. 
10. Conclusion
It is concluded firstly that research into flocking is not complete, and secondly that flocking can lead to benefits other than Particle Swarm Optimisation. Further research is required to better understand the collective behaviour of the flock, as opposed to optimising an individual’s arrival at a single location. Results from such research could be applied to modern situations such as automating traffic flows. 
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^1	  The “fovea” is the area of the retina with the greatest density of photoreceptive cells called rods and cones. This is the area of greatest visual acuity. Some birds e.g. hawks, kingfishers, have 2 fovea, for sideways and forwards viewing. 
